Background: The homeodomain transcription factor IPF1/PDX1 exerts a dual role in the pancreas; Ipf1/Pdx1 global null mutants fail to develop a pancreas whereas conditional inactivation of Ipf1/Pdx1 in β-cells leads to impaired β-cell function and diabetes. Although several putative target genes have been linked to the β-cell function of Ipf1/Pdx1, relatively little is known with respect to genes regulated by IPF1/PDX1 in early pancreatic progenitor cells.
Background
The pancreas is an endodermally derived organ that forms from a ventral and a dorsal evagination of the foregut epithelium. These two evaginations, the dorsal and ventral pancreatic buds, subsequently grow, branch and differentiate into distinct pancreatic cell types [1] . The homeodomain transcription factor Insulin Promoter Factor 1/ Pancreatic and Duodenal homeobox 1 (IPF1/PDX1) is one of the earliest markers of the developing pancreas. IPF1/PDX1 is expressed already at ~10 somites stage at the regions of the dorsal and ventral gut endoderm from which the pancreatic buds evaginate [2] . IPF1/PDX1 expression remains high in pancreatic epithelial cells until e10.5 after which it is down-regulated [3] and remains low in proliferating pancreatic epithelial cells. Strong IPF1/PDX1 expression reappears in the differentiating β-cells as they emerge at ~e13 [3] and high level of IPF1/ PDX1 expression is maintained in adult β-cells where IPF1/PDX1 controls the expression of several key β-cell genes, including the insulin gene, thereby ensuring normal β-cell function and glucose homeostasis [4, 5] .
Loss of Ipf1/Pdx1 gene function in mice and humans results in pancreatic agenesis demonstrating a key role for the Ipf1/Pdx1 gene in pancreatic development [6] [7] [8] . Ipf1/ Pdx1 is, however, not required for the initiation of the pancreatic program and the initial stages of pancreas development, i.e. the formation of the pancreatic buds, still occurs in Ipf1/Pdx1 -/-mice [7, 9] . Although the pancreatic program is initiated in Ipf1/Pdx1 deficient embryos, the subsequent growth of the embryonic pancreas is arrested, resulting in pancreas agenesis [6, 7, 9] . Recombination experiments between pancreatic epithelium and pancreatic mesenchyme have demonstrated that the pancreatic developmental defect observed in Ipf1/Pdx1 -/-embryos is confined to the epithelial cells [9] . Thus, pancreatic mesenchyme isolated from Ipf1/Pdx1 -/-e10.5 dorsal pancreatic buds could support the growth of wt e10.5 dorsal pancreatic epithelium whereas the reverse combination failed to grow [9] . These data provide evidence for a cell-autonomous role for Ipf1/Pdx1 in early pancreatic progenitor cells. To date, no direct or indirect Ipf1/Pdx1 downstream genes have, however, been identified that can explain the pancreatic phenotype observed in Ipf1/ Pdx1 -/-embryos.
To identify Ipf1/Pdx1 target genes in early pancreatic progenitor cells and to begin to unravel the molecular mechanisms that lead to the attenuation of pancreatic growth in Ipf1/Pdx1 -/-mice we performed microarray analyses on cDNA prepared from Ipf1/Pdx1 -/-e10.5 buds and stage matched littermate wildtype controls. We have identified genes that are differentially expressed in Ipf1/Pdx1 -/-pancreatic buds and a subset of these was chosen for further expression analysis by quantitative real-time (qRT) RT-PCR, in situ hybridization and immunohistochemistry. In agreement with the pancreatic developmental defect observed in Ipf1/Pdx1 -/-embryos, several of the differentially expressed genes identified in this study encode factors linked to pancreatic progenitor cell proliferation and differentiation. [10] . The second cDNA array used in this study contains 20,600 clones derived from two different clone sets: a 15,000 mouse cDNA set from National Institute of Aging (NIH) and a 5,400 cDNA clone set obtained from Research Genetics.
Results

Gene expression changes in
Genes that showed a change in expression that was twofold or more and had sufficiently high test-statistics were considered to be differentially expressed (see Methods for details). The microarray analyses revealed a total number of 111 genes that were differently expressed. Of these 73 were down-regulated (Table 1 ) and 38 were up-regulated ( In agreement with the microarray data and previous findings [11] , the expression of the Nkx6.1, which encode a homeodomain transcription factor that alike Ipf1/Pdx1 is expressed in pancreatic progenitors and later in pancreatic β-cells [12] [13] [14] [15] , was virtually undetectable in e10.5 Ipf1/ Pdx1 -/-dorsal pancreatic buds (Fig. 1) . Immunohistochemical analyses confirmed the loss of Nkx6.1 expression in e10.5Ipf1/Pdx1 -/-dorsal pancreatic buds (Fig. 2a,  b) . In contrast, the expression of the pan-endodermal marker Foxa2 was normal in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds ( Fig. 1) and Sox9 in situ hybridization clearly depicted strong expression of Sox9 in both the dorsal and ventral pancreatic buds in the mutant embryos (See Addi- [16, 17] was reduced by ~69% in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds (Fig. 1) . Nevertheless, glucagon-expressing cells still appear in the Ipf1/Pdx1 -/-mutant pancreas ( [9] and Fig. 2 ) and glucagon expression was largely unaffected in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds (See Additional file 2), providing evidence that the remaining Pax6 expression is sufficient to ensure glucagon expression. The expression of ErbB3, a receptor of the EGF-family that previously has been implicated in pancreatic growth [18, 19] , was reduced by ~74% in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds (Fig. 1 ). The expression of two genes encoding extracellular matrix proteins, Spp1 and Spon1, was reduced by ~91% and ~93%, respectively in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds ( Fig. 1) . Spp1, also known as osteopontin, is known to be expressed in the fetal pancreatic epithelium and although Spp1 has been implicated in cell adhesion and migration in several tissues the pancreas develops normally in Spp1 deficient mice [20] [21] [22] . Spon1 encodes the protein F-spondin that is involved in proliferation of vascular SMC, neurite outgrowth and differentiation of neuronal precursor cells [23] [24] [25] [26] [27] [28] [29] . The reduced expression of Spon1 in e10.5 pancreatic progenitor cells was confirmed by in situ hybridization ( Fig. 2c, d ). The expression of Mgst1, which encode an integral membrane protein involved in cellular response to chemical or oxidative stress [30] and Rtn1, which encodes a neuroendocrine-specific protein [31] , was reduced by 64% and 60%, respectively in e10.5 Ipf1/ Pdx1 -/-dorsal pancreatic buds ( Fig. 1 ).
In contrast, three genes, Blzf1, a gene up-regulated by retinoids [32, 33] , Schip1, which is involved in cell cycle regulation [34, 35] , and Sfrp1, which encode a secreted antagonist to Wnt signaling [36] , which all were identified as differentially expressed in the microarray analysis could not be validated when analyzed by quantitative real-time RT-PCR and were excluded from further analyses (data not shown). Taken together, these data show that the expression of several genes implicated in growth, differentiation and adhesion, some of which have previously been associated with pancreatic development, is impaired in Ipf1/Pdx1-/-pancreatic progenitor cells.
Ptf1a/p48 and FgfR2IIIb expression is perturbed in Ipf1/ Pdx1 -/-pancreatic buds The expression of two genes, pancreas specific transcription factor 1a/p48 (Ptf1a/p48) and fibroblast growth factor receptor 2IIIb (FgfR2IIIb), that previously have been implicated to have a role in pancreatic development [37] [38] [39] but which were not spotted on the microarray chips were also analyzed by quantitative real-time RT-PCR. FgfR2IIIb is expressed in the developing pancreas and in FgfR2IIIb null mutant mice pancreatic growth is reduced and the branching and morphogenesis of the pancreatic ductal epithelium is impaired [39] . Quantitative real-time RT-PCR analysis revealed that FgfR2IIIb expression was reduced bỹ 75% in e10.5 Ipf1/Pdx1 -/-dorsal pancreatic buds compared to that of stage matched Ipf1/Pdx1 +/+ dorsal pancre- atic buds (Fig. 1) . Immunohistochemical analyses confirmed the reduced expression of FGFR2IIIb in e10.5 pancreatic progenitor cells of Ipf1/Pdx1 -/-deficient mice (Fig. 2e, f) .
PTF1a/p48 has been implicated in commitment and proliferation of pancreatic progenitor cells and Ptf1a/p48 -/-null mutant mice fail to develop a pancreas [37, 38] . Quantitative real-time RT-PCR analyses showed that Ptf1a/p48 expression was reduced by ~91% in Ipf1/Pdx1 -/-e10.5 dorsal pancreatic buds as compared to wild-type littermates (Fig. 1) . In situ hybridization analyses confirmed the reduced expression of Ptf1a/p48 in dorsal pancreatic buds of Ipf1/Pdx1 -/-embryos compared to wildtype littermates (Fig. 2g, h ). These results suggest that in early pancreatic progenitor cells both FgfR2IIIb and Ptf1a/p48 are direct or indirect Ipf1/Pdx1 downstream target genes.
Spon1 expression in pancreatic progenitor cells overlaps temporally with the phase of proliferation Spon1 encodes the extracellular matrix protein F-spondin, also known as vascular smooth muscle cell growth-promoting factor. F-spondin stimulates the proliferation and growth of vascular SMC during ovarian growth and development [28] . In addition, F-spondin has been reported to promote neurite outgrowth from spinal chord, hippocampal and sensory neurons [23, 25, 27] as well as the differentiation of neural progenitor cells [29] . Spon1 has not previously been described to be expressed in the developing pancreas. Thus, we next determined the temporal and spatial expression of Spon1 in the developing pancreas by in situ hybridization.
At e9.5 Spon1 expression was observed in epithelium of the dorsal and ventral pancreatic bud ( Fig. 3a and data not In situ and immunohistochemical analyses of differentially expressed genes Figure 2 In situ and immunohistochemical analyses of differentially expressed genes. Immunohistochemical analysis of wildtype (A and E) and Ipf1/Pdx1 -/-mice (B and F) using antibodies against Nkx6.1 (red in A and B), FGFR2b (red in E and F) and glucagon (green in A, B, E and F). In situ hybridization of wildtype (C and G) and Ipf1/Pdx1 -/-mice (D and H) using DIG-labeled Spon1 (red pseudocolor in C and D) and Ptf1a/p48 (red pseudocolor in G and H) probes counterstained with antibodies against glucagon (green in C, D, G and H). Scale bar 100 µm.
shown). Spon1 expression was maintained within the pancreatic epithelium of the developing pancreas until e15.5, although the expression appeared reduced at this stage ( Fig. 3b-e) . By e17.5 Spon1 expression was no longer detectable within the pancreas (Fig. 3f) . Throughout pancreatic development Spon1 expression was restricted to the developing pancreatic epithelium and the forming acini whereas no expression was observed in differentiated endocrine cells (Fig. 3c, d) . In contrast to IPF1/PDX1, Spon1 was not expressed in the developing duodenal epithelium (Fig. 3b and data not shown) . These data imply that additional transcription factors act to restrict Spon1 expression in the developing gastrointestinal tract and also suggest that Spon1 may be used as a marker to distinguish between early pancreatic and duodenal cells.
Discussion
In Ipf1/Pdx1 deficient embryos, pancreatic development becomes arrested around e10 [6, 7, 9] but the molecular mechanism(s) underlying this early developmental arrest has remained largely unknown. To begin to identify genes regulated by Ipf1/Pdx1 in early pancreatic progenitor cells that could help to explain the developmental arrest observed in Ipf1/Pdx1 -/-embryos we embarked on a gene array profiling and quantitative real-time RT-PCR approach. Given the early developmental arrest and hence limiting amount of tissue, i.e. dorsal buds from e10.5 Ipf1/ Spon1 is expressed in the developing pancreatic epithelium Figure 3 Spon1 is expressed in the developing pancreatic epithelium. A-F: In situ hybridization of e9.5 (A), e10.5 (B), e12.5 (C), e13.5 (D), e15.5 (E) and e17.5 (F) using a DIG-labeled Spon1 probe (green pseudo-color in A-B, red pseudo-color in C-D and black staining in E) counterstained with antibodies against IPF1/PDX1 (red in A-B) and glucagon (green in C-D). Scale bar 100 µm.
Pdx1 +/+ and Ipf1/Pdx1 -/-litter pairs, that could be retrieved for further cDNA synthesis we first performed a pilot study using the 15 K cDNA chip that was hybridized twice with cDNA prepared from dorsal buds of a matched Ipf1/ Pdx1 +/+ and Ipf1/Pdx1 -/-e10.5 litter pair. This pilot study was followed by two hybridizations of the 15 K cDNA chip with cDNA prepared from another pair of matched Ipf1/Pdx1 +/+ and Ipf1/Pdx1 -/-e10.5 dorsal buds. The 21 K cDNA chip was originally hybridized with cDNA from 4 pairs of Ipf1/Pdx1 +/+ and Ipf1/Pdx1 -/-e10.5 dorsal buds in a standard manner. However due to technical problems in the hybridization step one of the arrays had to be excluded from the experiment resulting in a 3 arrays from the 21 K experiment. In summary a total of 4 independent pairs of Ipf1/Pdx1 +/+ and Ipf1/Pdx1 -/-e10.5 dorsal buds were analyzed on four 15 K arrays and three 21 K arrays.
Hence, there were some limitations in our microarray study. We had a total of four biological replicates per condition: the 15 K experiment used only 2 biological replicates per condition and the 21 K experiment used 3 biological replicates per condition. This limitation was due to challenges in retrieving sufficient tissue material for subsequent cDNA synthesis. We analyzed separately the data from the two arrays, so the results of these analyses are based on a small number of biological replicates. Furthermore, the experimental design was unbalanced in various ways (different types of technical replication in the assays using the 15 K arrays, unbalanced dye assignments, etc.). Thus, the list of differentially expressed genes identified solely by our microarray experiments might be suboptimal in terms of a bona fide candidate list. However, it provided us with sufficient information for selecting potentially interesting Ipf1/Pdx1 regulated genes that we followed-up with quantitative real-time RT-PCR, in situ hybridization and immunohistochemistry.
Here we show that the expression of FgfR2IIIb is reduced in Ipf1/Pdx1 -/-e10.5 pancreatic buds, thus linking IPF1/ PDX1 to FGF signaling in pancreatic progenitor cells. FGF signaling has been shown to be important both for normal pancreas development and maintenance of pancreatic function in adults [5, 40, 41] . Mice with a targeted disruption of Fgf10 show an early block in pancreas development that is reminiscent of that observed in Ipf1/Pdx1 null mutant mice. Alike the Ipf1/Pdx1 -/-mice the pancreatic program is initiated in Fgf10 -/-mice, i.e. the evagination of the pancreatic buds occur, but the subsequent proliferation and branching of the pancreatic epithelium is perturbed [42] . Moreover, mice lacking the FGF10 receptor, FgfR2IIIb, display a pancreatic growth defect with impaired branching and morphogenesis of the ductal epithelium. [39] . Moreover, forced expression of Fgf10 in the developing pancreatic epithelium results in pancreatic hyperplasia, adding further evidence for a role for FGF10-FGFR2IIIb signaling in pancreatic progenitor cell proliferation [40, 41] .
Taken together, the almost identical pancreatic phenotype observed in mice lacking either Ipf1/Pdx1, the receptor FgfR2IIIb, or Fgf10, and the reduced pancreatic expression of FgfR2IIIb in Ipf1/Pdx1 -/-embryos provide evidence for a role for IPF1/PDX1 in regulating FGF signaling in the developing pancreatic epithelium. Thus, Ipf1/Pdx1 appears to regulate pancreatic growth by ensuring high level expression of FGFR2IIIb in pancreatic progenitor cells. Interestingly, Ipf1/Pdx1 has also been shown to regulate the expression of another FGF-receptor, FGFR1c, in adult β-cells thereby ensuring normal β-cell function and glucose homeostasis [5] .
Epidermal growth factor (EGF) signaling has also been linked to pancreatic growth and development [1, 19, 43] . Several EGF receptors, including ErbB3, have been shown to be expressed in the developing pancreatic epithelium [19] . In addition, ErbB3 has been described to be expressed in the pancreatic mesenchyme [18, 19] . Mice lacking a functional ErbB1/Egfr gene have mildly perturbed pancreatic growth [44] and mice lacking a functional ErbB3 gene present with pancreatic hypoplasia [18, 44] . Additional support for a role of the EGF family in pancreas development originates from in vitro studies in which EGF was shown to stimulate the growth of e13.5 rat pancreatic epithelium that had been depleted of mesenchyme [45] . Thus, in addition to the reduced expression of FgfR2IIIb in progenitor cells of Ipf1/Pdx1 deficient mice the reduced expression of ErbB3 is likely to contribute to the perturbed pancreatic development that these mice present with.
Ptf1a/p48 expression is severely reduced in Ipf1/Pdx1 null mutant mice, providing evidence that Ptf1a/p48, directly or indirectly, is a downstream target gene of Ipf1/Pdx1. In support of a role for Ipf1/Pdx1 in regulating Ptf1a/p48 expression, inactivation of the Ipf1/Pdx1 gene in the pancreatic epithelium at progressively later stages also results in reduced expression of Ptf1a/p48 [46] . In contrast, Kawaguchi et al. have shown that transgenic expression of Ipf1/Pdx1 under the control of the Ptf1a/p48 promoter in an Ipf1/Pdx1 -/-null background partially rescued the pancreatic developmental arrest [37] , suggesting that Ptf1a/ p48 expression is independent of Ipf1/Pdx1. However, the Ptf1a-Ipf1/Pdx1 transgenic rescue approach leaves open the possibility that the partially rescued phenotype is the result of leaky transgene expression due to positional integration effects and/or transgene copy number. Moreover, since the hsp68 minimal promoter was coupled to the Ptf1a/p48 promoter in the transgenic rescue approach, the transgene expression may differ from that of the endogenous Ptf1a/p48 promoter.
Alike Ipf1/Pdx1, Nkx6.1 is expressed in pancreatic progenitors from embryonic day 9.5 and thereafter the expression of Nkx6.1 also becomes restricted to mature β-cells. Nkx6.1 has previously been identified as a downstream target gene of IPF1/PDX1; β-cell specific inactivation of the Ipf1/Pdx1 gene resulted in a loss of Nkx6.1 expression in β-cells [4, 11] and in agreement with previous findings [4, 11] we show that Nkx6.1 expression is abolished also in pancreatic progenitor cells of Ipf1/Pdx1 null mutant mice. These data provide strong evidence that Ipf1/Pdx1 act upstream of Nkx6.1 in both pancreatic progenitor cells and adult β-cells.
F-spondin, encoded by Spon1, is a 90 kDa extracellular matrix protein that has been reported to play an important role in proliferation and growth of vascular SMC during ovarian growth and development [28] . F-spondin has also been showed to promote neurite outgrowth from spinal chord, hippocampal, and sensory neurons [23, 25, 27] . Other reports describe a role for F-spondin in the development of the nervous system where it is predominately expressed during early stages of development but downregulated during neural differentiation [23] . F-spondin has also been suggested to promote differentiation of neural precursor cells to nerve cell-like cells [29] . Interestingly, a F-spondin related protein, R-spondin, has been shown to function as a growth factor; injection of R-spondin in mice resulted in an increased proliferation of intestinal crypt epithelial cells in both the small intestine and colon [47] . Similar to the transient expression of Spon1 in the developing nervous system, Spon1 is transiently expressed, from e9.5 to e15.5 in progenitor cells of the developing pancreas. Thus, Spon1 expression in the developing pancreas overlaps with the phase of pancreatic progenitor cell proliferation. Whether F-spondin is involved in regulation of proliferation and/or differentiation of pancreatic progenitor cells will have to be determined by functional analyses in vitro and/or in vivo.
Conclusion
Taken together, our data show that Ipf1/Pdx1, directly or indirectly, regulates the expression of genes, such as Ptf1a/ p48, FGFR2IIIb, and ErbB3, implicated in pancreatic growth and differentiation, providing evidence that the perturbed expressions of these factors provide a mechanistic explanation for the pancreatic developmental arrest that Ipf1/Pdx1 -/-mice present with. In addition we show that Spon1, which encodes an extracellular matrix protein, is expressed in the developing pancreas and that Spon1 expression is down-regulated in Ipf1/Pdx1 -/-embryos.
Methods
Mice
The animal studies were approved by the Institutional Animal Care and Use Committee of Umeå University and conducted in accordance with the Guidelines for the care and use of Laboratory Animals. The generation of Ipf1/ Pdx1 -/-mice has been previously described [6] . Ipf1/Pdx1 wildtype and null mutant embryos were obtained from our local breeding stock.
Isolation of embryos and tissue
Ipf1/Pdx1 +/-mice were mated and embryonic day 0.5 (e0.5) was determined by the presence of morning vaginal plug. Pregnant females were sacrificed at e10.5 and embryos were transferred to ice-cold Lebovitz L-15 medium (Gibco). Dorsal pancreatic buds were dissected out in L-15 medium and snap frozen in liquid nitrogen for later RNA isolation. Embryos sacrificed for immunohistochemistry and in situ hybridization were fixated in 4% paraformaldehyde (SIGMA) in 0.1 M PBS for 2 hours and overnight respectively at +4°C followed by dehydration in 20% sucrose overnight at 4°C and mounted in Tissue-Tek (Sakura) and stored at -80°C.
Genotyping
Genomic DNA was extracted from embryonic tails by proteinase K (Boehringer) digestion followed by 2-propanol precipitation. Genotyping was performed by PCR using two internal Ipf1/Pdx1 primers; 5'-AGAAGCTGGCCACTA GCCTCT-3' and 5'-CTGTGGGCAACAAGGGAGTT-3', and two internal Neo primers; 5'-AGAAGCTATTCGGCTATGA-3' and 5'-TTTCCACCATGATATTCG-3'. The PCR reactions result in a 150 bp and a 548 bp product respectively if target sequence is present.
Microarray, hybridization and scanning
The cDNA microarrays used in this study were of two types. The first contain approximately 15,000 clones printed in duplicate, in two identical fields, yielding 30,000 probes. The set of probes represents approximately 12,000 unique genes obtained through large-scale, in-house EST sequencing of three cDNA libraries. The first library originates from a neural tissue stem cell compartment (lateral ventricular wall), the second from neurospheres (neural stem cells cultured in vitro) and the third from a hematopoietic stem cell line expressing the Lhx2 gene [10] . The second cDNA array used in this study contains 20,600 clones derived from two different clone sets: a 15,000 mouse cDNA set from National Institute of Aging (NIH) and a 5,400 cDNA clone set obtained from Research Genetics. Microarray slides were hybridized at 42°C in a water bath for 16-20 hours (15 K array) or at 37°C in a Genetac hybridization station (Genomic Solutions) for 15 hours (21 K array). The 15 K arrays were scanned using the G2565BA DNA microarray scanner (Agilent Technologies) and images analyzed in the GenePix5.0 software (Axon Instruments, CA, USA). The 21 K arrays were scanned using the Scanarray 4000 XL microarray scanner (Perkin Elmer) at three settings (laser power/PMT): 80/80, 90/90 and 100/100 (in that order), where the numbers were percentages of maximum values. Images were analyzed using the ScanarrayExpress software (Perkin Elmer).
RNA isolation, amplification and labeling
Total RNA was isolated from individual pancreatic buds using Nucleospin RNA II kit (Clontech) according to manufacturer's guidelines. cDNA was generated and amplified using SuperSMART™ PCR cDNA synthesis kit (Clontech). 2 µg of each cDNA preparation was labeled with the fluorescent dyes Cy3 or Cy5 using BD Atlas™ SMART™ Fluorescent Probe Amplification kit (BD Biosciences Clontech) according to manufacturer's recommendations. Samples hybridized to the 15 K cDNA microarrays were labeled and analyzed as follows: In the first set, the labeled samples (one wildtype bud cDNA labeled with Cy3, one Ipf1/Pdx1 null mutant pancreatic bud cDNA labeled with Cy5) were split in two, and analyzed as duplicates on two separate microarrays. In the second set, the samples (one wildtype bud cDNA and one Ipf1/Pdx1 null mutant pancreatic bud cDNA) were split before labeling, and analyzed as a dye-swapped replicate on two separate microarrays.
Samples hybridized to the 21 K cDNA microarrays were labeled and analyzed as follows: two wildtype and one Ipf1/Pdx1 null mutant pancreatic bud were individually labeled with Cy3 and two Ipf1/Pdx1 null mutants and one wildtype pancreatic bud were individually labeled with Cy5. Samples were pooled pair wise and hybridized to three 21 K cDNA microarrays.
One wt cDNA sample and one Ipf1/Pdx1 null mutant cDNA sample hybridized to the 21 K array were identical to second set of samples hybridized to the 15 K array. Due to the limited amount of material, the rest of the samples were hybridized to one array each (15 K or 21 K array).
In total, cDNA generated from pancreatic buds from 4 individual Ipf1/Pdx1 null mutant and 4 wildtype littermates respectively were individually labeled, pooled pair wise and hybridized to four 15 K cDNA microarrays and to three 21 K cDNA microarrays.
Microarray data processing and statistical analysis
The 15 K and 21 K experiments were analyzed separately as described below. Given some selection criteria, discussed below, 111 genes were considered differentially expressed. 73 of these genes were down-regulated (Table  1 ) and 38 up-regulated ( The 21 K microarray analyses were carried out using ScanArrayExpress 2.1 (PerkinElmer) and the in-house SPlus library UmeaSAMED 1.39. The data analysis included: combined image analysis extracting median intensity values, complete filtration, local background correction, RLS 100, removed C-spots, MA-print-tip normalization with span = 0.5, censoring with minimum value 8, and the B-test, see [49] for detailed descriptions of the procedures. Genes with top-ranked B-statistics (top 100) and at least two-fold regulated (i.e. the absolute value of the average log-ratio 1), were selected for further studies.
The 15 K microarray analyses were carried out using R (1.7), Bioconductor, LIMMA (1.3), and the aroma package [50] [51] [52] . Several filtering steps, normalization and statistical analyses were done, as detailed in ArrayExpress. The foreground intensities without background subtraction were extracted using the median intensity values. A feature was filtered if it was flagged as "Not Found" in GenePix, if both channels were saturated, the percentage of foreground pixels above the local background plus two of its standard deviations were below 70 for both channels, or the signal-to-noise ratio for both channels were below 3. Data was normalized using MA-print-tip normalization [53] . The intensities for duplicated features were averaged after normalization. The empirical Bayes moderated t-test implemented in the LIMMA package (i.e. the B-test) was used [54] to identify differentially expressed genes [51] . The four 15 K assays were analyzed in two separate sub-experiments, each including the two assays derived from the same biological replicates. Genes that were at least two-fold up-regulated (or down-regulated) in both sub-experiments and had B-values larger than 10 in sub-experiment 1 and 2 in sub-experiment 2 were selected for further studies.
Quantitative real-time RT-PCR
Gene expression levels were measured using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems) according to the manufactures recommendations. Expression of the β-2-microglobulin (b2M and TBP) was used to normalize expression levels. Primer sequences were the following: B2M: 
Immunohistochemistry
Immunohistochemistry was performed as described [9] . Primary antibodies used were: rabbit anti-IPF1/PDX1 [3] , rabbit Nkx6.1 [40] , rabbit anti-FgfR2 (Research Diagnostics, Inc) and glucagon anti-guinea pig (Electra-Box Diagnostika Ab). Secondary antibodies used were: Cy3 antirabbit (Jacksson) and Alexa 488 anti-guinea pig (Molecular Probes).
In situ hybridization
In situ hybridization was performed as described [9] . Probes used were: Ptf1a/p48 (provided by O. Hagenbüchle), Sox9 (covering region 1365-2305 bp of image clone 5320371) and Spon1 (covering region 1237-4035 bp of image clone 4221758).
